Understanding the cis-regulatory architecture of metazoan organisms is the greatest challenge facing genome biology today. In vertebrate organisms, distinct sequence elements mediate transcriptional regulation and are scattered throughout the genome, either proximal or distal to promoters. The identification of transcriptional enhancers has proven rather difficult by conventional experimental approaches. In the past decade, the rapid generation of genomic sequences for multiple vertebrate organisms, accompanied by sophisticated comparative tools, has facilitated the identification of non-coding evolutionarily conserved regions that may encode cis-regulatory elements. Validating computational predictions and characterising cisregulatory elements in vivo, however, has been a major bottleneck, mainly because the most commonly used organism for these experiments has been the mouse, and generating transgenic mice or modifying the mouse genome continues to be a labour-intensive, lowthroughput, expensive process. This has led to the use of Xenopus, which holds great promise for high-throughput interrogation of putative cis-regulatory elements. In particular, Xenopus tropicalis may become particularly powerful for elucidating regulatory networks, chiefly because it is amenable to genetic manipulations, and its genome is being sequenced.
INTRODUCTION
For over 50 years, Xenopus laevis has been an ideal model organism for studying early vertebrate development. Its experimental power lies in the large size of amphibian eggs and ease of manipulation. Xenopus develops externally, which allows scientists to monitor growth and development continuously in a simple Petri dish. The embryos are robust and can easily tolerate microsurgeries and microinjection of various molecules, facilitating experiments that are very difficult to perform in other vertebrates. As a consequence, Xenopus is a powerful system for testing the activity of molecules in overexpression assays. Much current understanding of developmental processes -such as tissue specification and differentiation, cell biology and signal transduction -is a direct product of the technologies developed for the frog.
X. laevis has an allotetraploid genome and a long generation time, therefore experimentation in this frog has one major drawback; the inability to analyse genetic modifications to complement the information derived from gain of function experiments. This problem is currently being addressed, as investigators are developing strategies for generating genetic manipulations in a related species, X. tropicalis, a diploid frog that is emerging as a new amphibian model system. 1 Morphologically, X. tropicalis is highly similar to X. laevis. Experimentally, it is amenable to the majority of the techniques and procedures established for X. laevis 2 and features several additional advantages:
(1) It is diploid with a relatively simple genome compared with X. laevis and zebrafish; (2) It has the smallest amphibian genome size (1.8 pg versus 3.2-19.2 pg for all other amphibians); (3) X. tropicalis genome is currently being sequenced by the Joint Genome Institute ( JGI); (4) It has a shorter generation time (3) (4) (5) (6) months versus 1-2 years) than X. laevis; (5) It is smaller in size, allowing more animals to be housed in a frog colony; (6) Most importantly, it can be transformed into a genetic system. 3, 4 Since studies in development, cell biology and genetics are aggressively being pursued in Xenopus in order to characterise cis-regulatory elements, facile transgenic technologies are critical. Fortunately, transgenic techniques are already available for both X. laevis and X. tropicalis, and emerging technologies hold significant promise for improving the ease of Xenopus transgenesis. The capability efficiently to generate transgenic frogs has a dramatic impact on genome research. In particular, this technology will allow the rapid characterisation of functional noncoding regions to elucidate the cisregulatory architecture of vertebrate genomes, which currently represents the greatest challenge of genome biology.
Here, Xenopus transgenic technologies will be reviewed, along with new emerging techniques, and their major application to the study of non-coding regulatory elements in vertebrate genomic analysis will be highlighted.
TRANSGENIC FROGS GENERATED BY SPERM NUCLEAR TRANSPLANTATION
In the mid-1990s, Kroll and Amaya outlined a protocol for generating X. laevis transgenic frogs through the use of restriction enzyme-mediated integration (REMI). 5, 6 Briefly, the experimentalist isolates sperm nuclei 7 in a simple procedure and these can be stored frozen for subsequent injections. Sperm nuclei are combined with linearised plasmid DNA and restriction enzymes. After a short incubation period in interphase egg extracts, the nuclei decondense, providing nuclear access to the transgenic construct. Next, single nuclei are transplanted into unfertilised eggs by microinjection. The injection activates the egg; normal cell cleavages indicate that only one nucleus has been delivered to an egg. Subsequently, many users have found that both the egg extract and restriction enzymes can be omitted, further simplifying the procedure. Transgenes are faithfully transmitted to subsequent daughter cells non-mosaically and founder lines can be established.
Unlike mouse embryos, which are much harder to inject and where development is highly dependent on transfer into the uterus of the pseudopregnant recipient mothers, the delivery of sperm nuclei to unfertilised frog eggs is a straightforward task, allowing one person to perform thousands of nuclear transplantations in one sitting. A novice user can become skilled in Xenopus microinjection and transgenesis after a few weeks of training, rather than the prolonged period required for mouse transgenics. Transgenic yields have been reported to vary between 5-40 per cent of embryos that develop normally beyond tadpole stage, ensuring that even a marginally successful experiment results in hundreds of transgenic animals, increasing statistical power and the number of constructs that can be tested. 5, 6 Finally, Xenopus transgenics can be set up and implemented at a fraction of the cost necessary to do the same in the mouse.
Initial experiments in Xenopus transgenesis have shown that promoter specificity is faithfully reproduced in transgenic frogs. The simian cytomegalovirus (CMV) and the cytoskeletal actin (CSK) promoters express green fluorescent protein (GFP) ubiquitously from gastrula throughout the tadpole stages ( Figure 1) . 5 By contrast, the â-tubulin ( Figure 1B ) and muscle-specific actin promoters express reporter genes in a restrictive manner according to their tissue specificity -predominantly in the primary neurones and in somites/cardiac muscles, respectively. 5 Xenopus X. tropicalis is diploid and its genome is being sequenced
Promoter specificity is faithfully maintained in transgenic frogs transgenesis has applications similar to those already established in the mouse, but with some significant advantages:
(1) Larger numbers of transgenic nonmosaic animals; (2) Xenopus develops externally, therefore early embryonic stages can be effectively monitored live, ex utero. This process is technically impossible in the mouse, due to internal development and the minuscule size of the embryos; (3) Considerable savings in cost.
Marsh-Armstrong et al. have shown that transgenes stably integrate into the frog genome and that the REMI technique is amenable to generating heritable transgenic lines. 8 As a consequence, the number of studies employing frog transgenesis to understand gene expression in highly specialised tissues such as the retina, 9-15 gut [16] [17] [18] , cardiac and skeletal muscle 19, 20 has been sharply increasing. Table 1 lists promoters and regulatory elements that have been tested in frog trangenics.
While transgenesis in X. laevis is well established, recently the REMI technique has been modified and successfully implemented to generate X. tropicalis transgenic frogs. Although the process is in its infancy, X. tropicalis transgenic lines have been successfully employed in studies of lens differentiation and embryonic induction events, 3, 21, 22 and have the potential to be applied to all aspects of vertebrate development. One of the advantages of generating X. tropicalis, rather than X. laevis, transgenic lines is the significantly shorter generation time, expediting the analysis of F1 animals and allowing transgenic lines to be crossed with each other. The list of promoter sequences that have already been used to generate GFP transgenic lines in X. tropicalis includes: Cardiac AE-Actin, CMV, EF1AE, FoxD3, ª-crystallin, Lens-1, N-â-tubulin, Otx-2, Pax-6, Rx, Xanf-1, Xath-5 and Xlim-2; the list is growing continuously (Table 1) . 3 These transgenic animals serve two major purposes: (1) to study transcriptional regulation and gene expression in vivo; and (2) to label specific cells that can be used to monitor developmental processes in vivo.
TRANSPOSON-MEDIATED TRANSGENESIS
Transposons are mobile genetic elements which were originally discovered in maize by Barbara McClintock in the 1950s, and
Xenopus has the potential of producing hundreds of Fo transgenics at relatively low cost Figure 1 : Transgenic Xenopus. Bright-field (A) and fluorescent (B) views of Xenopus embryos expressing green fluorescent protein (GFP) driven ubiquitously by the simian cytomegalovirus promoter. Fluorescent (C,D) and bright-field views (E,F) of Xenopus embryos expressing GFP in a tissue-specific manner. Muscle actin-GFP expresses GFP in the somites and N-tubulin-GFP expresses GFP in the neurones. In both embryos, the gut has background autofluorescence. (Photos courtesy of Kristen Kroll) subsequently have been identified in representative species from all kingdoms. 23 Since their discovery, the peculiar behaviour of transposable elements has been craftily exploited in bacteria, 24 yeast 25 and Drosophila 26 research, and most recently has been applied to vertebrate organisms to shuttle exogenous DNA into genomes, 27 trap enhancers and genes 28, 29 and to generate mutations. 23 Enhancer trapping was formerly developed as a genomic tool for the fruit fly, Drosophila melanogaster. The first fly enhancer trap vectors were based on the P element transposon in which a minimal promoter was fused to a reporter gene and used to monitor enhancer activity in the vicinity of the site of integration. 30 Enhancer trap lines consistently exhibited reporter-gene expression patterns corresponding to the expression patterns of nearby endogenous genes, validating this strategy as a regulatory element detection tool. Other transposons, such as hobo 31 and piggyBac, 32 have been identified which vary in insertion site preferences from the original P element. Having a variety of transposons that can be efficiently applied to Drosophila has enabled researchers to obtain enhancer trap insertions for the majority of genes in the fruitfly genome, representing an extraordinary resource for invertebrate research.
Despite the successes achieved in Drosophila, few efforts have been devoted to developing similar enhancer trapping 
m, mouse; x, frog (X. laevis or X. tropicalis); h, human; v, viral. tools for vertebrates. 28, 33, 34 Enhancer trapping methods in the mouse are successful, particularly in generating embryonic stem cell lines carrying lacZ enhancer traps integrated into the mouse genome. These strategies have not been employed for identifying regulatory elements on a large scale, however, predominantly due to the lowthroughput capabilities of converting embryonic stem cell lines into viable mice 33 and the complex nature of vertebrate gene regulation, where genes can be regulated by elements located megabases away from the promoters they control. 35, 36 Recently, novel transposons have been discovered that work in several vertebrate model organisms amenable to highthroughput genome research, including zebrafish and Xenopus. 28, 34 In particular, the Sleeping Beauty transposon system (SB), a member of the Tc1-mariner superfamily of transposable vertebrate elements, has recently been shown to successfully detect tissue-specific enhancers by random integration into the zebrafish genome. 28 Balciunas et al. have determined that a truncated form of the Xenopus EF1AE promoter is competent to drive tissue-specific GFP expression based on the endogenous genomic context of transgene integration. 28 In a pilot experiment, they established that 10 per cent of the germline transmissible lines exhibit unique expression patterns, predominantly in the nervous system. These lines are available to the research community at http://beckmacenter.ahc. umn.edu. The work of these authors represents the first example of enhancer trapping in zebrafish. Moreover, the use of the SB system has important applications to future studies aimed at identifying regulatory elements and tagging specific tissues, organs and cell lineages.
A different member of the Tc1-mariner superfamily of transposons, the Frog Prince transposon system, was originally isolated from the northern leopard frog (Rana pipiens) by open reading frame reconstruction. It has been shown to be very potent in a variety of vertebrate cells and, on average, was 70 per cent more active in zebrafish cells than the SB transposon. 34 Currently, studies are underway that are systematically mutagenising transposon constructs to improve gene transfer and integration efficiency into various hosts.
37 Similar investigations will be essential for optimising transposon-mediated transgenesis in Xenopus and enhancing the use of this model organism for genetic studies, for trapping genes and regulatory elements and for generating mutations.
While transgenesis in Xenopus using sperm nuclear transplantation is well established, developing transposonmediated transgenesis remains an important goal for Xenopus research. The injection of sperm nuclei is not difficult and microinjection of DNA and RNA is trivial and can be mastered in just a few days of practising. Therefore, very large numbers of transgenic constructs can be injected for high-throughput analysis of regulatory elements. It is likely, however, that transposon-based transgenesis may be limited by the size of the construct that can be injected. Therefore, if large bacterial artificial chromosome-sized constructs are required, sperm nuclear transplantation may be the method of choice. Clearly, having multiple methods of transgenesis enhances the power of the system for dissecting regulatory elements present in the genome.
The ability to generate transgenic animals by several different methods allows the investigator to capitalise on the advantages of each method for a particular experiment, which is an important aspect of the power of Xenopus transgenesis in the analysis of putative cis-regulatory elements. This is also true for the two species of Xenopus. Because each species of Xenopus has different strengths for delivering exogenous DNA into the host, both species can be utilised to facilitate cis-regulatory analysis. X. laevis is the ideal choice for transient transgenic analysis because the embryos are extraordinarily Emerging transposonmediated transgenic technologies will potentially facilitate the identification of regulatory elements robust and transgenesis is easier in this species. Therefore, for quick characterisation of non-coding evolutionarily conserved regions (ncECRs), X. laevis may be the method of choice. In order to generate stable transgenic lines, perform crosses between independent lines, analyse transgenic effects in adult frogs and complement genetic mutations, however, X. tropicalis is clearly a more suitable species. Because the use of the two species requires relatively minor modifications in microinjection protocols, a Xenopus transgenic laboratory can easily establish expertise in both systems, harnessing the power of each particular species depending on the desired experiment.
COMPARATIVE GENOMICS AND ENHANCER DETECTION
X. tropicalis is particularly exciting for genomic research because of the availability of the whole-genome shotgun sequence and the generation of mutant strains. Identifying and characterising functional sequences in the human genome, as well as generating models for human disorders, historically have relied heavily on rodents, in particular mice, as a model organism because mice are amenable to genetic modifications and transgenesis; however, these procedures are laborious, expensive, technically challenging and low throughput. In order to be able to push genomic research forward, a vertebrate system more suitable for high-throughput experimentation would be more appropriate.
Comparative sequence analysis has been shown to be instrumental in highlighting ncECRs, which have the potential to play a vital role in transcriptional regulation. 36, 38 While undoubtedly very valuable for detecting functional non-coding elements, human/ mouse pairwise comparisons have certain limitations, mostly due to the high level of sequence conservation between these two species and the regional evolutionary rate differences observed across different mammalian gene loci. 39 Also, among the massive number of human/mouse ncECRs, only a fraction may account for controlling transcription. To improve on these difficulties, investigators have employed multiple species for evolutionary comparisons, as well as evolutionarily distant species in single pairwise comparisons, to minimise the likelihood of detecting neutrally evolving sequences among the highly conserved ncECRs and increase the selective constraints. Recently, stringent filters such as human/fish comparisons have been instrumental in detecting ncECRs specific for enhancing gene expression, and cohorts of these elements have recently been shown to behave as enhancers in transgenic studies. 36, 40 One key observation derived from distant comparisons has been the notion that human/fish ncECRs are unevenly distributed across vertebrate genomes, favouring developmental genes.
While human/fish comparisons have been effective in enriching alignments for identifying putative developmental enhancers, 40 they detect only a small number of deeply conserved ncECRs, which precludes the use of this strategy for identifying the large number of enhancers present in vertebrate genomes. The recently released whole-genome shotgun sequences for the chicken and frog genomes provide a more suitable intermediate for genome comparisons aimed at detecting putative transcriptional regulatory elements. In addition to its strategic position in the evolutionary tree, X. tropicalis can greatly expedite the process of identifying and characterising distant ncECRs through the coupling of comparative genome analysis and transgenesis. Although frogs and humans are distantly related, a large fraction of their non-coding genome is highly conserved, suggesting that evolutionarily conserved sequences are likely to correlate with evolutionarily conserved functions. This strategy can be employed to identify sequence elements responsible for the gene expression and gene activity shared 14 enhancer sequences are functionally orthologous to frogs and fish and can be used to generate transgenic frogs and zebrafish that express transgenic constructs in the same tissues as transgenic mice. 42 Evolutionarily conserved sequences from the rhodopsin promoter region of Fugu are able to drive photoreceptor rod cell-specific expression of a reporter gene in both the frog and the mouse, 43 suggesting that evolutionarily conserved sequences are compatible between distantly related species. 42 The opposite has also been shown, where frog 44, 45 and zebrafish 42 regulatory sequences work similarly to human and mouse sequences in transgenic mice. The frog promoter sequences driving the Distal-less-3 gene expressed the lacZ reporter faithfully in the limb epidermis of the developing mouse, suggesting that conserved regulatory elements from the frog can be used to control the formation of structures in a distantly related species,
The frog may be universally used to study regulatory elements from many different species including human and mouse Figure 2 : Orthologous function of zebrafish and human Isl1-specific regulatory elements in transgenic zebrafish and mice. Multiple species comparison between human, mouse, dog, chicken, frog and zebrafish Isl1 genomic regions, including a $300 kilobase downstream noncoding interval, identifies two highly conserved non-coding evolutionarily conserved regions (ncECRs): CREST1 and CREST2 (A). Transgenic analysis in both mouse and zebrafish reveal orthologous activity for ncECRs across species (B) and species-specific sequences derived from either the zebrafish or the human genome enhance reporter expression highly similarly in the mouse (C). (Photos courtesy of Hitoshi Okamoto) the mouse. 44, 45 In a recent report, Uemura et al. showed that two distantly located regulatory elements, CREST1 and CREST2, are highly conserved between human and zebrafish and control the expression of Islet-1 (Isl1) transcription factor in motor neurones of the mouse spinal cord. 42 The investigators conducted their analysis in both zebrafish and mouse transgenic animals and assayed the function of species-specific sequences in both organisms (Figure 2 ). They found that the overall function of these elements is orthologous, yet they could also detect some subtle species-specific differences (Figure 2b,c) . Multi-species evolutionary analysis for this locus shows that these enhancer elements are deeply conserved, and that additional regions in the locus are more highly conserved in chicken and frog than in zebrafish, suggesting that comparisons between human and frog may be more informative.
These findings have very important implications for the development of highthroughput assays for detecting tissuespecific enhancers. If evolutionarily conserved sequences from zebrafish and Fugu are likely to function orthologously in the mouse, in the same way as in human sequences, it is likely that frog sequences will work as efficiently in similar assays. More importantly, if human sequences from highly conserved ncECRs function in zebrafish similar to the way they function in mouse, there is a high likelihood that the same will hold true for assaying them in the frog. The coupling of comparative genomic analysis with high-throughput experimentation in the frog holds great promise for facilitating the discovery and characterisation of tissue-specific enhancers.
